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EHWWHUXQGHUVWDQGLQJRIWKHLUEHKDYLRU$PRQJWKHRSWLRQVDYDLODEOHIRUPRQLWRULQJLQGXVWULDOV\VWHPVGHYLFHVWKDW
UHO\RQRSWLFDOPHDVXULQJDUHSUHIHUUHGZKHQZRUNLQJZLWKODVHUVLQPDWHULDOSURFHVVLQJDSSOLFDWLRQV3XUWRQHQHWDO
7KHLUPRVWRIWHQPHQWLRQHGDGYDQWDJHVDUHQRWQHHGRIFRQWDFWSRVVLELOLW\RIREWDLQLQJVSDWLDOLQIRUPDWLRQ
DQGFDSDELOLW\RIVSHFWUDODQGWKHUPDOPHDVXUHPHQWV0RVWRIWKHFRQWURODQGPRQLWRULQJV\VWHPVGHYHORSHGLQ/0'
DQG ODVHU FODGGLQJ DUH IRFXVHG RQ WKH PHDVXUHPHQW RI WKH PHOW SRRO WHPSHUDWXUH DQG LWV GLVWULEXWLRQ $ QHZ
PRQLWRULQJ VFKHPHEDVHGRQ D KLJK VSHHG LPDJLQJ&026 VHQVRU LV GHYHORSHG DQG SUHVHQWHG LQ WKLV VWXG\7ZR
GLIIHUHQWTXDQWLWLHVRIWKH/0'DQG/DVHU&ODGGLQJSURFHVVHVDUHPRQLWRUHGSRZGHUGLVWULEXWLRQDQGSRZGHUPDVV
IORZUDWH%\DFTXLULQJLPDJHVDWKLJKVSHHGWKHPRQLWRULQJV\VWHPLVDEOHWRGHWHFWLQGLYLGXDOSDUWLFOHVRISRZGHU
GXULQJWKHSURFHVVDQGIURPWKDWREWDLQWKHWZRGHVLUHGPDJQLWXGHV
1.1. Motivation 
,Q /0' DQG /DVHU &ODGGLQJ V\VWHPV WKH IORZ RI SRZGHU SDUWLFOHV EHWZHHQ WKH KRSSHU ZKHUH WKH SRZGHU LV
VWRUHGDQG WKHZRUNVXUIDFHKDVDJUHDW LPSDFWRYHU WKHSURFHVVEHKDYLRUDIIHFWLQJ WKHSDUDPHWHUVDVZHOODV WKH
UHVXOWLQJGHSRVLWHGPDWHULDO$QGUHZHWDO7DEHUQHURHWDO+XD7DQDHWDO7KHFULWLFDOSRLQWRI
WKHSRZGHUGHOLYHU\V\VWHPLVWKHIRFXVLQJRISRZGHURYHUWKHODVHUVSRW7KLVLVGRQHXVLQJDQR]]OHZKLFKFUHDWHV
DFRQYHUJLQJVWUHDPRIJDVWKDWSXVKHVWKHSRZGHULQWRDFRQHVKDSHWKLVFRQHXVXDOO\KDVEHWZHHQPPDQG
PPRIGLDPHWHU DW LWV QHFNZKHUH WKH ODVHU VSRW VKRXOG OLH2YHU WKH\HDUV FKDUDFWHUL]DWLRQRISDUWLFOH VSHHG DQG
GHQVLW\RI WKHSRZGHUVWUHDPFRPLQJRXWRI ODVHUFODGGLQJQR]]OHVKDYHEHHQH[WHQVLYHO\UHVHDUFKHGXVLQJDQDORJ
DQG GLJLWDO LPDJLQJ V\VWHPV0DULDXGHX HW DO   7KHVH VWXGLHV DUH XVXDOO\ QRW HQRXJK WR DYRLG VRPH
SUREOHPV WKDW WKHVH QR]]OHV VKRZ ZKHQ XVHG LQ SURGXFWLRQ HQYLURQPHQW 7KHUH DUH SUREOHPV DV PLVDOLJQPHQW
EHWZHHQ WKH SRZGHU VSRW DQG WKH ODVHU VSRW RU ORVV RI V\PPHWU\ RI SRZGHU GLVWULEXWLRQ WKDW KDV WR EH DGGUHVVHG
0DQQ HW DO %HFDXVH SRZGHUPDVV IORZ UDWH LV GLIILFXOW WRPRQLWRU WKHSRZGHUPDVV UDWH RVFLOODWLRQV DQG
SRZGHU IHHGHU G\QDPLFDO UHVSRQVH DUH XVXDOO\ LJQRUHG 7KHVHPDJQLWXGHV DUH RI WKH HVSHFLDO LPSRUWDQFH IRU WKH
)XQFWLRQDO*UDGLHQW0DWHULDOVGHSRVLWLRQ,QWKHSDVWGLIIHUHQWUHVHDUFKJURXSVKDYHZRUNHGZLWKWKHVHLVVXHVZKLOH
VWXG\LQJYDULDEOHFRPSRVLWLRQZHOGEHDGV6H[WRQHWDO*ULIILWKHWDO:LWKWKHV\VWHPSUHVHQWHGKHUH
ZLOOEHSRVVLEOHWRPRQLWRUPDVVIORZUDWHZLWKPLOOLVHFRQGVUHVROXWLRQDVZHOODVPDNHVRPHDSSUR[LPDWHFKHFNVRQ
SRZGHUGLVWULEXWLRQWRVSRWPLVDOLJQPHQWVDPRQJRWKHUSUREOHPV7KHUHIRUHLWZLOOEHSRVVLEOHWRGHWHFWDQGFRUUHFW
VRPHRIWKHDERYHVWDWHGLVVXHV
([SHULPHQWDO6HWXSDQG0DWHULDOV
7KH ODVHU PHWDO GHSRVLWLRQ V\VWHP XVHG LV FRPSRVHG RI D FRQWLQXRXV ZDYH GLRGH SXPSHG 1G<$* ODVHU
5RILQ'<ZLWKDPD[LPXPSRZHURI:7KHODVHULVFRQQHFWHGWKURXJKDILEHUWRWKH<&3UHFLWHF

)LJ([SHULPHQWDO6HWXS
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FODGGLQJKHDG LQVWDOOHG LQDQ$%%,5% VL[D[LV URERW DUP3RZGHU IHHGLQJ LVPDGHZLWKD6XO]HUǦ0HWFR
7ZLQ&XQLW$&026FDPHUD 0LNURWURQ(26(16FRQQHFWHG WR WKH3& WKURXJKD IUDPHJUDEEHU LVXVHG WR
PRQLWRU WKH SRZGHU VWUHDP $ ODVHU GLRGH ZLWK D ZDYHOHQJWK RI  QP DQG  P: RI SRZHU LV XVHG IRU
LOOXPLQDWLRQ7KHFDPHUDKDVDPP]RRPOHQV$QRSWLFDO ILOWHUFDQEHSODFHG LQ IURQWRI WKHFDPHUD OHQV LQ
RUGHUWRVXSSUHVVWKHODVHUUDGLDWLRQDQGWKHEULJKWQHVVRIWKHPHOWSRRODOORZLQJWKHREVHUYDWLRQGXULQJWKHSURFHVV
7KH FDPHUD LV SRVLWLRQHG LQ IURQWRI WKH ODVHU FODGGLQJQR]]OH IRFXVHG LQ WKH FHQWHURI WKHSRZGHU FRQHDQG WKH
GHSWKRIILHOGLVDGMXVWHGWRPDLQWDLQIRFXVVHGWKHZKROHSRZGHUVWUHDP'LIIHUHQWPDJQLILFDWLRQVFDQEHXVHGEXW
PDLQWDLQLQJLQIRFXVWKHSDUWLFOHVLVGLIILFXOWIRUWKHKLJKHURQHV7KHH[SRVLWLRQWLPHXVHGWRREWDLQDVKDUSYLHZRI
WKHSRZGHUSDUWLFOHVLVDURXQGȝVDQGWKHFDPHUDDFTXLVLWLRQVSHHGLVVHWEHWZHHQN+])RUFRUUHODWLQJWKH
LPDJHVZLWKWKHSRZGHUIHHGHUGLVNVSHHGD3&,DFTXLVLWLRQFDUGFRQQHFWHGWRWKHSRZGHUIHHGHUFRQWUROOHULVXVHG
RQWKH3&
7KHSRZGHU XVHG LV DJDV DWRPL]HG VWDLQOHVV VWHHO SRZGHU 0HWFR&ODG  / IURP2HUOLNRQ LWV SDUWLFOH VL]H
YDULHVEHWZHHQȝPWKHEXONGHQVLW\LVEHWZHHQJFPDQGWKHGHQVLW\XVHGIRUWKHVWHHOLVWDNHQDV
JFP
0HWKRGRORJ\
7KHZRUNLQJSULQFLSOHDIWHUWKHPRQLWRULQJV\VWHPLVEDVHGRQWKHPRUSKRORJLFDOSURSHUWLHVRISRZGHUSDUWLFOHV
7KHSRZGHU SDUWLFOH VL]H LV XVXDOO\ ORJQRUPDO GLVWULEXWHG DPRQJ WKH SDUWLFOH SRSXODWLRQ/DYHUQLD HW DO 
0DQXIDFWXUHUV SURYLGH GDWD RI WKH SDUWLFOH VL]H SRSXODWLRQPHDQ DQG VWDQGDUG GHYLDWLRQ:LWK VSKHULFDO SRZGHU
SDUWLFOHVDVLQJDVDWRPL]HGSRZGHUVLWLVSRVVLEOHWRREWDLQSDUWLFOHYROXPHGLVWULEXWLRQIURPWKHSURYLGHGGDWD,W
LVDOVRSRVVLEOH WRNQRZZLWKFHUWDLQSUHFLVLRQ WKHGHQVLW\RI WKHSRZGHUPDWHULDO IURPPDWHULDOSURSHUWLHVFKDUWV
DYDLODEOH LQ WKH OLWHUDWXUH 7KHUHIRUH XVLQJ GHQVLW\ DQG YROXPH LV SRVVLEOH WR FRPSXWH WKHZHLJKW GLVWULEXWLRQ RI
SRZGHU SDUWLFOHV DQG LWV YDULDQFH ,I DQ DGGLWLRQ RI D JUHDW QXPEHU RI SDUWLFOHV LV HYDOXDWHG HYHU\ SDUWLFOH LV D
UDQGRP SHDN IURP WKLV ZHLJKW GLVWULEXWLRQ DQG LWV VXP LV *DXVVLDQ GLVWULEXWHG PRUHRYHU WKH HUURU LQ ZHLJKW
SHUFHQWDJHORZHUVDVWKHDPRXQWRISDUWLFOHVLQFUHDVHV7KLVPDNHVSRVVLEOHWRLQIHUWKHPDVVWKDWSDVVWKURXJKWKH
FDPHUDE\GHWHFWLQJSDUWLFOHVRQLW$IWHUFRXQWLQJDODUJHHQRXJKQXPEHURUSDUWLFOHVWKHLUZHLJKWZLOOEHQHDUWKH
ZHLJKWGLVWULEXWLRQPHDQPXOWLSOLHGE\WKHQXPEHURISDUWLFOHVFRXQWHG'LYLGLQJWKLVQXPEHUE\WKHWRWDOVDPSOLQJ
WLPHDQDSSUR[LPDWLRQRIPDVVIORZUDWHFDQEHDFKLHYHG,QWKHFDVHRIZDWHUDWRPL]HGRURWKHUNLQGRISRZGHU
ZLWKQRVSKHULFDOSDUWLFOHVWKHWKHRUHWLFDOFDOFXODWLRQRIZHLJKWGLVWULEXWLRQJHWVPRUHGLIILFXOWVRREWDLQLQJSDUWLFOH
SRSXODWLRQZHLJKWPHDQIURPH[SHULPHQWDOPHDVXUHVLVSUHIHUUHG5HSHWLWLYHO\FRXQWLQJSDUWLFOHVIRUFHUWDLQDPRXQW
RIWLPHDQGZHLJKWLQJWKHSRZGHUGHOLYHUHGZLOOJLYHDQHVWLPDWLRQRISDUWLFOHZHLJKWPHDQDQGYDULDQFH7KHRWKHU
PDJQLWXGHWREHPRQLWRUHGWKHSDUWLFOHGHQVLW\GLVWULEXWLRQLVREWDLQHGE\UHFRUGLQJLQZKLFKSL[HORIWKHVHQVRUD
SDUWLFOH KDV EHHQ GHWHFWHG DQG PDNLQJ DQ LQIHUHQFH RI D SUREDELOLW\ GHQVLW\ IXQFWLRQ IURP D VDPSOH ZLWK KLJK
QXPEHU RI IUDPHV UHFRUGHG ,Q WKLV ODVW FDVH FDPHUD FDOLEUDWLRQPXVW EH SHUIRUPHG WR WUDQVODWHPHDVXUHV WR UHDO
ZRUOGFRRUGLQDWHVEXW UHODWLYHPHDVXUHVDUHDOVRXVHIXOZLWKRXW WKHQHHGRIFDPHUDFDOLEUDWLRQ7KH UHVXOWFDQEH
H[SUHVVHG LQSDUWLFOHVSHUSL[HORUDQ\RWKHU OHQJWKXQLW)RUDQDFWXDOYDOXHRISDUWLFOHGHQVLW\DFLUFXODU VHFWLRQ
PXVW EH VXSSRVHG 7KH GLDPHWHU RI WKLV FLUFXODU VHFWLRQ LW LV WDNHQ IURP WKH GLVWULEXWLRQ FXUYH EHWZHHQ GHVLUHG
SHUFHQWLOHV7KH GHQVLW\ LV REWDLQHG LQWHJUDWLQJ SDUWLFOHV SHUXQLW OHQJWK DQGGLYLGLQJ E\ WKH DUHD RI WKDW FLUFXODU
VHFWLRQ
)LJ,PDJHVHJPHQWDWLRQDQGSDUWLFOHGHWHFWLRQSURFHVV
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3.1. Particle detection 
3DUWLFOHGHWHFWLRQLVSHUIRUPHGDIWHUWDNLQJDQLPDJHRIWKHSRZGHUVWUHDPFRPLQJRXWIURPWKHSRZGHUGHOLYHU\
V\VWHP
V QR]]OH 7KH LPDJH WDNHQ LV VHJPHQWHG WKH EDFNJURXQG LV VXEWUDFWHG DQG D WKUHVKROG LV DSSOLHG IRU
ELQDUL]DWLRQ ,Q WKHELQDUL]HGGDWDD URZRISL[HOV LVXVHGDVD OLQH VHQVRUDQGSDUWLFOHVDUHGHWHFWHGE\FRXQWLQJ
VHFWLRQV RI FRQQHFWHG SL[HOV RI WKH VDPH YDOXH 7KH GHWHFWLRQ RI SDUWLFOHV LQ WKH LPDJHV LV SURQH WR HUURUV IRU
GLIIHUHQW UHDVRQV3DUWLFOHVDUH ORVWGXH WRRFFOXVLRQZKHQ WKHRYHUODSSLQJRI WZRRUPRUHSDUWLFOHVDWRQHVHQVRU
SRVLWLRQPDNHV WKHPFRXQWDVD VLQJOHSDUWLFOH%HVLGHV IDOVHQHJDWLYHVGXH WRDKLJK WKUHVKROGDSSHDUVZKHQ WKH
FRPSXWHUHUDVHVGDWDRIDSDUWLFOHZLWKORZLQWHQVLW\DODFNRISRZHULQWKHLOOXPLQDWLRQGHYLFHRUVKDGRZVFDVWE\
RWKHUSDUWLFOHVFDQSURGXFHWKLVHIIHFW$OVRIDOVHSRVLWLYHVRFFXUGXHWRDGRXEOHGHWHFWLRQRIDSDUWLFOH6RPHWLPHV
WKHVDPHSDUWLFOHDSSHDUVLQWZRFRQVHFXWLYHIUDPHVRQWKHVDPHSRVLWLRQRIWKHVHQVRUWKLVKDSSHQVZKHQDSDUWLFOH
KDV D FHUWDLQ VL]H )LQDOO\ IDOVH SRVLWLYHV GXH WR QRLVH WDNH SODFH ZKHQ WKDW QRLVH LV KLJK HQRXJK WR SDVV WKH
GLVFULPLQDWLRQPDGHE\WKHELQDUL]DWLRQDQGLWLVFRQVLGHUHGDVSDUWLFOHV
7RDYRLGWKRVHHUURUVGLIIHUHQWDFWLRQVFDQEHWDNHQWKHLQFUHDVHRIRSWLFDOSRZHUDQGWKHXVHRIPXOWLSOHOLJKW
VRXUFHVFDQFRPSHQVDWHQRLVHDQGVHQVLELOLW\SUREOHPVWRDYRLGGRXEOHGHWHFWLRQVDGHDFWLYDWLRQRIVSHFLILFSL[HOV
LVSHUIRUPHG:KHQDSDUWLFOHLVGHWHFWHGLWVSL[HOVSRVLWLRQVDUHGHDFWLYDWHGDYRLGLQJGHWHFWLQJWKHVDPHSDUWLFOHIRU
WKHQH[W LPDJH WKLV HQVXUHV WKH VDPHSDUWLFOH LVQRW FRXQWHG WZLFH7KHHUURU LQSDUWLFOH FRXQWGXH WRRYHUODSSHG
SDUWLFOHVLVRQHRIWKHPDLQSUREOHPVWKHDPRXQWRISDUWLFOHVORVVJURZVZLWKWKHLQFUHDVHRIWKHPDVVIHHGUDWHDQG
HYHQWXDOO\UHQGHUVWKHV\VWHPXQXVDEOH+RZHYHUWKHORVVRIGDWDKDSSHQVV\VWHPDWLFDOO\DQGWKHQFDQEHPRGHOHG
PRUHRYHUDVLWDIIHFWVWRDKLJKQXPEHURISDUWLFOHVLWLVSURPLVLQJWRREWDLQDYHU\JRRGDSSUR[LPDWLRQRISDUWLFOHV
ORVWVWDWLVWLFDOO\
$PDWKHPDWLFDOPRGHOLVWKHQGHYHORSHGGHVFULEHGLQWKHDSSHQGL[$WRREWDLQWKHUHDOQXPEHURISDUWLFOHVIURPD
VDPSOH7KHQH[WH[SUHVVLRQLVDQHTXDWLRQZKHUH[LVWKHVDPSOHRISDUWLFOHVGHWHFWHGLQHDFKIUDPH3)LNLVWKH
SUREDELOLW\RIFRUUHFWO\GHWHFWNSDUWLFOHVRILSRVVLEOHLQDVLQJOHIUDPHDQG.LVWKHQXPEHURIWHUPVHYDOXDWHGIRU
FDOFXODWLRQRIWKHPRGHOGHVFULEHGLQ


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,QRUGHUWRREWDLQWKHUHDOQXPEHURISDUWLFOHVWKHHTXDWLRQPXVWEHVROYHGIRUuWKHQWKHWRWDOFRXQWRISDUWLFOHLV
HTXDO WR u PXOWLSOLHG E\ WKH QXPEHU RI IUDPHV WDNHQ LQ WKH VDPSOH ,W LV LPSRUWDQW WR PHQWLRQ WKDW WKLV PRGHO
DVVXPHVWKDWDOOSDUWLFOHVKDYHWKHVDPHVHFWLRQZKHQWKH\FURVVWKHVHQVRUDUUD\,QDUHDOH[SHULPHQWSDUWLFOHVGR
QRWVKRZDFRQVWDQWVHFWLRQZKHQREVHUYHGRQWKHVHQVRU7KHVHFWLRQREVHUYHGGHSHQGVRQPDQ\IDFWRUVW\SHRI
LOOXPLQDWLRQVKDSHRIWKHSDUWLFOHUHIOHFWDQFHRIWKHSDUWLFOHURWDWLRQDOVSHHGRIWKHSDUWLFOHPDJQLILFDWLRQRIWKH
OHQVDSHUWXUHDQGGLIIUDFWLRQRI WKHRSWLFDOV\VWHPDPRQJRWKHUV7KHVHIDFWRUVDUH WUDQVODWHG LQWRDGHWHFWHGVL]H
GLVWULEXWLRQWKDWDIIHFWVRFFOXVLRQVDQGPDNHVGLIILFXOWWRFDOFXODWHORVWSDUWLFOHV7RVROYHWKLVSUREOHPDVWUHDPRI
SRZGHU LV UHFRUGHG SULRU WKH XVH RI WKH V\VWHP DQG WKH VL]H RI VLQJOH SDUWLFOHV LV VDPSOHG WKH PD[LPXP VL]H
REVHUYHG IRU DSDUWLFOH LV UHJLVWHUHG$IWHU WKLV HYHU\ WLPHD IUDPH LV WDNHQ WKH VL]HRI WKHSDUWLFOHV LV VLPXODWHG
DGGLQJZLGWKWRHDFKSDUWLFOHXQWLOHYHU\SDUWLFOHKDVDVL]HHTXDORUJUHDWHUWKDQWKHPD[LPXPSUHYLRXVO\REWDLQHG
:LWKWKLVGRQHSDUWLFOHVDUHFRXQW2IFRXUVHVRPHSDUWLFOHVDUHORVWE\RFFOXVLRQVFDXVHGE\WKHDGGHGVL]HEXWQRZ
WKHFDOFXODWLRQVDUHDSSOLFDEOH7KHLGHDLVWKDWH[WUDORVWSDUWLFOHVDUHUHFRYHUHGWRJHWKHUZLWKUHDOORVWSDUWLFOHVE\
WKHFDOFXODWLRQV7KLVPHWKRGLVQRWSHUIHFWDVLWFDQQRWFRUUHFWO\FRPSHQVDWHIRUWKHVL]HRIRYHUODSSHGSDUWLFOHVDQG
LWLVH[SHFWHGVRPHHUURUVGXHWRLW
0HWKRG9DOLGDWLRQDQG([SHULPHQWDOZRUN
&DOFXODWLRQRIWKHUHDOQXPEHURISDUWLFOHVLVILUVWSHUIRUPHGZLWK0RQWH&DUORVLPXODWLRQ,QDVLPXODWHGVHQVRU
SDUWLFOH SRVLWLRQV DUH JHQHUDWHG UDQGRPO\ DQG WKH OLQH VHQVRUPHDVXUHV DUH UHSURGXFHG WKHQ WKH FDOFXODWLRQV DUH
DSSOLHGWRWKHJHQHUDWHGGDWDWKHUHVXOWRIPLOOLVHFRQGVRIVLPXODWLRQFDQEHVHHQLQILJXUH
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$VLPLODUPHDVXUHLVPDGHH[SHULPHQWDOO\DQGDUHJUHVVLRQRISDUWLFOHFRXQWLVFDOFXODWHGWKHH[SHULPHQWDOGDWD
ZDVFKRVHQWRKDYHVLPLODUFRQGLWLRQVWRWKHVLPXODWHGH[DPSOHWKHUHVXOWVDUHVKRZLQILJXUH
7KLVVKRZVKRZWKHPRQLWRULQJV\VWHPEHKDYHVDQGWKDWWKHUHLVQRWDKXJHGLIIHUHQFHEHWZHHQWKHRUHWLFDOPRGHO
DQGLWVSUDFWLFDODSSOLFDWLRQ
1H[W WKH YDOLGDWLRQ RI WKHPRQLWRULQJ V\VWHP LV SHUIRUPHG E\ FRPSDULQJ WKHPDVV IORZ UDWH REWDLQHG E\ WKH
PHWKRGGHVFULEHGDERYHDJDLQVWZHLJKWPHDVXUHVRIWKHSRZGHUGHOLYHUHGWKURXJKWKHQR]]OHIRUVWDWLRQDU\IORZV
)LUVWVHYHUDOVDPSOHVDUH WDNHQIURPWKHSRZGHUVWUHDPIRUHDFKVDPSOHWKHSRZGHUIHHGHU LVVHWZLWKDGLIIHUHQW
LQSXWVLJQDODQGPHDVXUHVDUHWDNHQGXULQJRQHWHQWKRIDVHFRQG7KHSRZGHUIHHGHULVPDLQWDLQHGLQDVWHDG\
VWDWH EHIRUH GXULQJ DQG DIWHU WKH VDPSOH LV WDNHQ )LQDOO\ PHDVXUHV RI WKH VDPH PDVV IORZ UDWH DUH WDNHQ E\
ZHLJKWLQJWKHSRZGHUGHOLYHUHGE\WKHSRZGHUIHHGHUDWFRQVWDQWPDVVIORZUDWHGXULQJDPLQXWHUHVXOWVDUHVKRZLQ
ILJXUH
,QWKHILJXUHWKHVDWXUDWLRQRIWKHPRQLWRULQJV\VWHPLVREVHUYHGZKHQWKHPDVVIORZUDWHULVHVRYHUPJV7KH
UHDVRQ IRU WKLV VDWXUDWLRQ LV SURGXFHG E\ WKH DFWLRQV WDNHQ WR DYRLG GRXEOH GHWHFWLRQV RI SDUWLFOHV ZKHQ PDQ\
SDUWLFOHVDUHGHWHFWHG LQDVLQJOHIUDPH WKHGLVDEOHGSL[HOVFRYHUVPRVWRI WKHVHQVRUVSDFHDQG LQ WKHQH[W IUDPH
GHWHFWLRQ LV QR SRVVLEOH 7KH FDXVH RI WKH SUREOHP LV GHSHQGHQFH EHWZHHQ WZR FRQVHFXWLYH PHDVXUHV ,I WKH
PHDVXUHV DUH WDNHQ QRQ FRQVHFXWLYH D KLJKHU YDOXH WKDQ WKH H[SHFWHG LVPHDVXUHG WKLV KDSSHQV EHFDXVH LQ HDFK
IUDPH SDUWLFOHV IURP WKH SUHYLRXV IUDPH DSSHDU DQG DUH FRXQWHG %HWWHU UHVXOWV DUH H[SHFWHG ZLWK KLJKHU
PDJQLILFDWLRQDQGUHFRUGLQJVSHHG
)LJ/HIWGHWHFWHGSDUWLFOHGLVWULEXWLRQRQWKHVHQVRU5LJKW3DUWLFOHVGHWHFWHGDQGLQIHUUHGGXULQJPVRIVDPSOLQJWLPH
)LJ/HIW6LPXODWLRQRIGHWHFWHGSDUWLFOHVGLVWULEXWLRQRQWKHVHQVRU5LJKW6LPXODWLRQRISDUWLFOHVGHWHFWHGDQGLQIHUUHGGXULQJPVRI
VDPSOLQJWLPH
1324   Javier Montero et al. /  Physics Procedia  83 ( 2016 )  1319 – 1328 
$QRWKHUH[SHULPHQWLVGRQHZRUNLQJLQUHDOWLPHZLWKWKHDLPRIREVHUYHWKHSRZGHUIHHGHUG\QDPLFEHKDYLRU
7KHSRZGHUIHHGHULVDFWLYDWHGDQGDFKDQJLQJVLJQDOLVVHQGWRWKHSRZGHUIHHGHUFRQWUROOHU7KHUHVSRQVHRIWKH
SRZGHUIHHGHULVUHFRUGHGDQGDWWKHVDPHWLPHSRZGHUIORZLVPHDVXUHGZLWKWKHFDPHUD,QWKLVWHVWSRZGHUPDVV
IORZUDWHLVPHDVXUHGHYHU\PLOOLVHFRQGVDQGWKHFDOFXODWLRQRIPDVVIORZLVPDGHIURPIUDPHV7KLVZLOOVKRZ
DELJJHUXQFHUWDLQW\WKDQLQSULRUFDVHV7KHUHVSRQVHVLJQDORISRZGHUIHHGHULVWUDQVODWHGIURPDYROWDJHVLJQDOWR
WKHWKHRUHWLFDOPDVVIORZUDWHH[SHFWHG,QWKHILJXUHLWLVSRVVLEOHWRVHHVRPHSHDNVDIWHUVHFRQGVRIUXQQLQJ
WKHH[SHULPHQWWKDWODVWIRUDQRWKHUVHFRQGVWKRVHSHDNVDUHFDXVHGE\WKHVWDUWRIWKHSRZGHUIHHGHU(DFKRI
WKHPRQO\ODVWIRUVRPHIUDFWLRQRIDVHFRQGKRZHYHUWKHPRQLWRULQJV\VWHPLW¶VDEOHWRGHWHFWWKHPDQGPHDVXUHWKH
IORZ 7KRVH SHDNV DUH FDXVHG E\ WKH SRZGHU WKDW UHPDLQV VWRUHG IURP SULRU RSHUDWLRQ RI WKH PDFKLQH LQ WKH
SQHXPDWLFFLUFXLWWKDWFRQQHFWVWKHSRZGHUIHHGHUWRWKHQR]]OH$QRWKHUHIIHFWWKDWFDQEHQRWLFHGLVWKHWLPHGHOD\
LQ WKH ULVHEHWZHHQ WKHSRZGHUIHHGHUVLJQDODQG WKHGHWHFWHGPDVV IORZ WKDWFRUUHVSRQGV WR WKH WLPH WKHSRZGHU
QHHGVWRWUDYHOWKHGLVWDQFHEHWZHHQWKHSRZGHUIHHGHUDQGWKHQR]]OH
&RQFOXVLRQV
7KH V\VWHP VHHPV WR SHUIRUP DGHTXDWHO\ DQG WLPH UHVROXWLRQ IRU VDPSOLQJ PDVV IORZ UDWH DV VPDOO DV 
PLOOLVHFRQGVFDQEHDFKLHYHG7KHVDWXUDWLRQRIWKHVHQVRURFFXUVDWORZHUIORZUDWHVWKDQLWZDVGHVLUDEOHEXWLWLV
ZRUWKWRPHQWLRQWKDWH[SHULPHQWDOVHWWLQJVXVHGZHUHQRWRSWLPDO'XHWRWKHGLIILFXOW\RIIRFXVLQJWKHOHQVORZHU
PDJQLILFDWLRQ ZDV XVHG WKDQ ZHUH SRVVLEOH LI WKH V\VWHP ZHUH WR EH LQVWDOOHG SHUPDQHQWO\ %HWWHU UHVXOWV DUH
H[SHFWHGZLWKDEHWWHUDGMXVWPHQWRI WKH OHQV ,W LV LPSRUWDQW WR VD\ WKDW VRPHFDOFXODWLRQVZHUHFKRVHQ WRREWDLQ
VKRUW UHVSRQVH WLPHV ,W LVSRVVLEOH WKDWVDPSOHPHDQZDVQRW WKHEHVWHVWLPDWLRQRISDUWLFOHVRFFOXGHGEXW LQ WKLV
)LJ7KHSRZGHUPDVVIORZUDWHGHWHFWHGE\WKHPRQLWRULQJV\VWHPFRPSDUHGZLWKWKHPDVVIORZUDWHREWDLQHGIURPZHLJKWPHDVXUHPHQWV
)LJ3RZGHUPDVVIORZGHWHFWHGGXULQJWKHVWDUWRIWKHSRZGHUGHOLYHU\V\VWHPXQGHUDFKDQJLQJLQSXWVLJQDOWHPSRUDOUHVROXWLRQ
PLOOLVHFRQGV
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FDVHFRXOGEHFDOFXODWHGPRUHTXLFNO\,QWKHUHJUHVVLRQRISDUWLFOHGHQVLW\RYHUWKHVHQVRUNHUQHOGHQVLW\HVWLPDWLRQ
ZDVXVHGGXHWRVSHHGDQGJRRGSURSHUWLHVEXWHYHQZLWKLWWKHFDOFXODWLRQVRI3)YDOXHVDUHWRRFRVWO\IRUUHDOWLPH
SURFHVVLQJ$WWKHDFWXDOVWDWHRIWKHUHVHDUFKWKH\KDYHWREHFDOFXODWHGRIIOLQHRUEHLQJVHWFRQVWDQW7KHFKRLFHRI
LOOXPLQDWLRQZDYHOHQJWKWKLVWKRXJKWWRKDYHWZRHIIHFWVILUVWDVSDUWLFOHVLJQDWXUHRQWKHVHQVRUGHSHQGVJUHDWO\RQ
WKH GLIIUDFWLRQ RI WKH RSWLFDO V\VWHP XVHG WKH  QP ODVHU DW WKH HQG RI WKH YLVLEOH HOHFWURPDJQHWLF VSHFWUXP
UHGXFHVVLJQLILFDQWO\GLIIUDFWLRQHIIHFWVFRPSDUHGZLWKRWKHUVRXUFHVRIORQJHUZDYHOHQJWKVPDNLQJSDUWLFOHVDSSHDU
VKDUSHULQWKHLPDJH$QRWKHUDGYDQWDJHLVWKDWWKHQPZDYHOHQJWKLVIDUIURPWKHHPLVVLRQSHDNRIEODFNERG\
UDGLDWLRQ IRU XVXDO PHOW SRRO WHPSHUDWXUHV ZKDW VKRXOG UHGXFH WKH GLVUXSWLYH HIIHFW RI WKH SURFHVV OLJKW LQ WKH
GHWHFWLRQRISDUWLFOHV,WLVLPSRUWDQWWRSRLQWRXWWKDWWKHVHDGYDQWDJHVDUHUHODWLYHWKHKLJKDEVRUSWLRQRIOLJKWE\
SDUWLFOHPDWHULDOLQWKHQPEDQGDVLQWKHFDVHRISDUWLFOHVPDGHRIQLFNHOFDQUHGXFHWKHLQWHQVLW\RIUHIOHFWHG
OLJKWWKDWDUULYHVWKHVHQVRUKLQGHULQJSDUWLFOHGHWHFWLRQ$OVRIRUVRPHW\SHRIVHQVRUVDGHFUHDVHRIVHQVLELOLW\IRU
WKH  QP ZDYHOHQJWK FDQ H[LVW DQG PDNH WKLV ZDYHOHQJWK LQDSSURSULDWH IRU LOOXPLQDWLRQ )LQDOO\ XVLQJ WKH
PRQLWRULQJ V\VWHPGXULQJ WKH SURFHVV RQO\ UHTXLUHV DGGLQJ D ILOWHU WKDW EORFNV DOO OLJKW EXW WKH LOOXPLQDWLRQ ODVHU
ZDYHOHQJWK
,Q WKH IXWXUH LPSURYLQJ WKH FDOFXODWLRQ RI ORVV SDUWLFOHV KDYH WR EH VWXGLHG DQG GHSHQGHQFH EHWZHHQ IUDPHV
VKRXOG EH PRGHOHG 7KH IUDPH UDWH DQG WKH PDJQLILFDWLRQ SUREDEO\ KDYH DQ HIIHFW RQ WKH GHSHQGHQFH EHWZHHQ
PHDVXUHPHQWV $OVR LW KDV WR EH VWXGLHG LI KHDWLQJ HIIHFWV RI WKH ODVHU UDGLDWLRQ RYHU GH SDUWLFOHV GXULQJ WKH
GHSRVLWLRQSURFHVVPDNHDQRWLFHDEOHGLIIHUHQFHRQWKHFDOFXODWHGIORZ$WWKLVSRLQWRIWKHUHVHDUFKWKHUHZHUHQRW
SRVVLEOH WR IRFXV RQ FRQILUP WKLV HIIHFW $SSOLFDWLRQV RI WKH FXUUHQW V\VWHP DW WKH DFWXDO VWDWH DUH PLQRU EXW
GHSRVLWLRQ RI IXQFWLRQDO JUDGHG PDWHULDOV EHQHILWV IRU ORZ VFDQQLQJ VSHHG DQG ORZ PDVV IORZ UDWH DV VWDWHG LQ
SUHYLRXVUHVHDUFKE\$PDGRHWDO VRLW LVSRVVLEOH WRXVHWKHV\VWHPWRLPSURYHWKHFXUUHQWUHVXOWV LQ WKDW
ILHOG2WKHUDSSOLFDWLRQVWKDWXVHORZPDVVIORZUDWHVDVODVHUGHSRVLWLRQSURFHVVHVSHUIRUPHGZLWKVPDOOODVHUVSRWV
FDQEHEHQHILWHGIURPLW,WLVDOVRSRVVLEOHXVHWKHPRQLWRULQJV\VWHPWRGHWHFWIORZDELOLW\SUREOHPVRISRZGHUVWKDW
ZHUH QRW VSHFLILFDOO\ GHYHORSHG IRU ODVHU DSSOLFDWLRQV QHZ PDWHULDOV RU SRZGHUV ZLWK XQXVXDO VKDSH RU VL]H
GLVWULEXWLRQ  ,I WKH VDWXUDWLRQ SRLQW LV UDLVHG WKH V\VWHP FRXOG EH XVHG IRU UHDO WLPH PDVV IORZ FRQWUROV RU IRU
FDOLEUDWLRQRISRZGHUIHHGHUGHYLFHV

$FNQRZOHGJHPHQWV

7KLV ZRUN KDV EHHQ GRQH XQGHU WKH ILQDQFLDO VXSSRUW E\ 6SDQLVK *RYHUQPHQW 0LQLVWHULR GH (FRQRPtD \
&RPSHWLWLGDGSURMHFW0$7&5
$SSHQGL[$7KHRUHWLFDOPRGHORIGHWHFWHGSDUWLFOHV
/HW > @I a b    EHDQLQWHUYDOUHSUHVHQWLQJDOLQHVHQVRURIOHQJWKED:KHQDSDUWLFOHRIHIIHFWLYHVHFWLRQ3
FURVVHVWKHVHQVRUWKHVWDWHRIWKHVHQVRUFDQEHGHILQHGDVDJIXQFWLRQ
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
%HLQJZKHUHDSDUWLFOHLVGHWHFWHGDQGLQHYHU\RWKHUSODFH'HILQHGLQVXFKZD\PXOWLSOHSDUWLFOHVFURVVLQJ
WKH VHQVRU FDQEH UHSUHVHQWHG DV DSURGXFWRIJ IXQFWLRQV6RJLYHQ1SDUWLFOHVRI VHFWLRQ3XQLIRUPGLVWULEXWHG
DORQJWKHVHQVRULWLVSRVVLEOHWRFDOFXODWHWKHSUREDELOLW\RIFRUUHFWO\GHWHFWDWOHDVWRQHSDUWLFOH/HWܦ ൌ ܫሺேିଵሻEH
DVXEVHWRI51DQG[DQHOHPHQWRI'OHW[LEHWKHLWKFRPSRQHQWRI[WKHQWKHSUREDELOLW\RIRFFOXVLRQRI1WK
SDUWLFOHFDQEHH[SUHVVHGDV1GLPHQVLRQDOLQWHJUDORYHU'
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WKHSUREDELOLW\RIQRRFFOXVLRQEHWZHHQSDUWLFOHVFDQEHFDOFXODWHGDV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7KH SUREDELOLW\ RI VHH N SDUWLFOHV RI 1 FDQ DOVR EH FDOFXODWHG XVLQJ WKH VDPH SULQFLSOH DV IROORZV /HW
> @G N    DQG 6N D VHW RI NWXSOHV GHILQHG DV ^ `   kk i j i jS x G x x x x x i j G i j    z   z WKH VHW RI
FRPELQDWLRQVZLWKUHSODFHPHQWRI*WDNHQNHOHPHQWVHDFKWLPHWKHQWKHSUREDELOLW\RIVHHNSDUWLFOHVRI1SRVVLEOH
LQWKHVHQVRULVSURSRUWLRQDOWRWKHVXPRYHU6NRIRSHUDWLQJHDFKVLFRPSRQHQWIURPHYHU\FRPELQDWLRQNWXSOHV
RI6NDVLWLVLQGLFDWHG
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1RWLFH6NLVYRLGIRU1NDQGVLJPDRI3)RYHUNZLOOJLYHLIGLVWULEXWLRQRISDUWLFOHVDQGVHQVRUVL]HDOORZ
1RZJLYHQ3)IRUHYHU\SRVVLEOHYDOXHRINDQG1LWLVSRVVLEOHWRFRQVWUXFWDOLQHDURSHUDWRU$DVIROORZV
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,I D VHWRI LQGHSHQGHQWPHDVXUHV LV WDNHQ WKH DPRXQWRISDUWLFOHV LQ WKH VHQVRUGHWHFWHGRUQRWZLOOSRVVHVV D
SUREDELOLW\PDVV IXQFWLRQIZKHUH WKHQXPEHURISDUWLFOHVSHUPHDVXUH LV WKHUDQGRPYDULDEOHQ*LYHQIZHFDQ
DSSO\ WKH OLQHDU RSHUDWRU$GHILQHG LQ  DQG REWDLQ WKH SUREDELOLW\PDVV IXQFWLRQ RI GHWHFWDEOH SDUWLFOHV 7KLV
DOORZVWKHDSSOLFDWLRQRIPD[LPXPOLNHOLKRRGHVWLPDWLRQWRWKHVDPSOHRIGHWHFWHGSDUWLFOHIRUDJLYHQPRGHOZKLFK
LVLQWHUHVWLQJEXWQRWWKHVFRSHRIWKLVZRUN
:KHQWKHVHQVRULVXVHGIRUGHWHFWLQJSDUWLFOHVLQSRZGHUVWUHDPVDQGPHDVXUHVDUHWDNHQDWHTXDOWLPHLQWHUYDOV
DQGQRSDUWLFOHVFDQSDVVZLWKRXWFURVVLQJWKHVHQVRUGXULQJDPHDVXUHDQH[SHFWHGYDOXHIRUWKHSDUWLFOHVFURVVLQJ
WKH VHQVRU PXVW H[LVWV $VVXPLQJ LQGHSHQGHQFH DQG XQOLPLWHG SDUWLFOHV WKH SUREDELOLW\ RI D JLYHQ QXPEHU RI
SDUWLFOHV LQ DPHDVXUH LW LV D FDVH RI 3RLVVRQ GLVWULEXWLRQ ,I LW KROGV WUXH WKH GHWHFWHG SDUWLFOHV VKRXOG IROORZ D
GLVWULEXWLRQSN
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
5HVXOWLQJRIWKHDSSOLFDWLRQRIWKHOLQHDORSHUDWRU$WRWKH3RLVVRQSUREDELOLW\PDVVIXQFWLRQIRUWKHH[SHFWHG
YDOXHX1RWLFH WKDW IRUSUDFWLFDOSXUSRVHVDV WKH3RLVVRQSDUWRI WKHVHULHVFRQYHUJHV WRIRU LJUHDWHQRXJKWKH
H[SUHVVLRQ LV VR FORVH WR WKDW LV SRVVLEOH VWRS FDOFXODWLRQVRISN ,Q WKLV FDVH DV IRUN!L3) LV HTXDO WR  LW LV
SRVVLEOHWRVWRSFDOFXODWLQJSFRPSOHWHO\,IRQO\DILQLWHQXPEHU.RINWHUPVDUHHYDOXDWHGIRUWKHSUREDELOLW\PDVV
IXQFWLRQRSHUDWRU$FDQEHH[SUHVVHGDVQRUPDOOLQHDODSSOLFDWLRQZLWKDQDVVRFLDWHGPDWUL[WKDWLVWULDQJXODUDQG
LQYHUWLEOHZKHQ3.ED
%HLQJSRVVLEOHWRREWDLQDQDSSUR[LPDWLRQRISNLWLVSUDFWLFDOJLYHQDVDPSOHRIIWKHGLVWULEXWLRQRIGHWHFWHG
SDUWLFOHVDPRQJWKHFDPHUDIUDPHVWRLQIHUWKHUHDOH[SHFWHGYDOXHRIWKHRULJLQDO3RLVVRQGLVWULEXWLRQVROYLQJIRU
XWKHHTXDWLRQ
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)RUVROYLQJWKLVHTXDWLRQWKHPDWUL[ܣ௄௄LVNQRZQIURPWKHILQLWHFDOFXODWLRQRIRSHUDWRU$VRWKHUHVXOWRIWKDW
HTXDWLRQFDQEHDSSUR[LPDWHE\
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
7KLV LV IDVWHU IRU UHDO WLPH SURFHVVLQJ WKH VDPSOH [ LV H[SUHVVHG DV D YHFWRU RI. FRPSRQHQWV DQG HDFK NWK
FRPSRQHQWLVWKHQXPEHURIWLPHVNSDUWLFOHVKDYHEHHQGHWHFWHGLQRQHIUDPH
5HIHUHQFHV
7XRPDV3XUWRQHQ$QQH.DOOLRVDDUL$QWWL6DOPLQHQ0RQLWRULQJDQGDGDSWLYHFRQWURORIODVHUSURFHVVHV3K\VLFV3URFHGLD

$QGUHZ-3LQNHUWRQDQG/LQ/L-0RGHOOLQJ3RZGHU&RQFHQWUDWLRQ'LVWULEXWLRQ)URPD&RD[LDO'HSRVLWLRQ1R]]OHIRU/DVHU%DVHG
5DSLG7RROLQJ0DQXI6FL(QJ
,7DEHUQHUR$/DPLNL](8NDU/1/ySH]GH/DFDOOH&$QJXOR*8UELNDLQ1XPHULFDOVLPXODWLRQDQGH[SHULPHQWDOYDOLGDWLRQ
RISRZGHUIOX[GLVWULEXWLRQLQFRD[LDOODVHUFODGGLQJ-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\±
+XD7DQD)HQJ\LQJ=KDQJD5XMXQ:HQD-LQJ&KHQD:HLGRQJ+XDQJD([SHULPHQWVWXG\RISRZGHUIORZIHHGEHKDYLRURIODVHU
VROLGIRUPLQJ2SWLFVDQG/DVHUVLQ(QJLQHHULQJ±
)0HULDXGHDX7UXFKHWHW'*UHYH\DQG$%9DQQHV/DVHUFODGGLQJSURFHVVDQGLPDJHSURFHVVLQJ-RXUQDORI/DVHUVLQ(QJLQHHULQJ

)DEULFH0HULDXGHDX)UHGHULF7UXFKHWHW'HQLV$OX]H&KULVWRSKH'XPRQW0DFKLQHYLVLRQV\VWHPDSSOLHGWRWKHFKDUDFWHUL]DWLRQRID
SRZGHUVWUHDPDSSOLFDWLRQWRWKHODVHUFODGGLQJSURFHVV3URF63,(0DFKLQH9LVLRQ$SSOLFDWLRQVLQ,QGXVWULDO,QVSHFWLRQ9,
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6WHIDQ0DQQ/HRQDUGRGH0HOR  3HWHU$EHOV 0HDVXUHPHQWRI SDUWLFOH GHQVLW\ GLVWULEXWLRQRI SRZGHU QR]]OHV IRU ODVHUPDWHULDO
GHSRVLWLRQ,FDOHR
&/6H[WRQHWDO7ULSOHKRSSHUSRZGHUV\VWHPIRUYDULDEOHFRPSRVLWLRQODVHUFODGGLQJ/DVHU,QVWLWXWHRI$PHULFD
07 (QV] 0/ *ULIILWK  &ULWLFDO LVVXHV IRU IXQFWLRQDOO\ JUDGHG PDWHULDO GHSRVLWLRQ E\ ODVHU HQJLQHHUHG QHW VKDSLQJ /(16
3URFHHGLQJVRIWKH03,)/DVHU0HWDO'HSRVLWLRQ&RQIHUHQFH
(/DYHUQLD*5DL1-*UDQW3RZGHU6L]HDQG'LVWULEXWLRQLQ8OWUDVRQLF*DV$WRPL]DWLRQ-20
-0$PDGR-0RQWHUR0-7REDU$<DxH]/DVHU&ODGGLQJRI1L:&/D\HUVZLWK*UDGHG:&&RQWHQW3K\VLFV3URFHGLD

